A lthough microbial nitrate-dependent Fe(II) oxidation (NDFO) was first reported more than a decade ago (1) and a number of bacterial species capable of NDFO have been reported (2, 3, 4, 5, 6, 7, 8, 9, 10) , the biochemistry and enzymology of NDFO are still obscure. In contrast to our knowledge of respiratory electron transport during microbial iron reduction (11, 12, 13, 14, 15, 16) and electron transfer during acidophilic iron oxidation (11, 17) , the mechanism of neutrophilic iron oxidation is largely unknown. Since no enzymatic machinery has been described for NDFO, questions remain whether Fe(II) oxidation is simply a combination of abiotic and enzymatic reactions occurring constitutively during NO 3 Ϫ reduction or an inducible, enzymatic process regulated by Fe(II). In a recent study, Chakraborty et al. demonstrated that Fe(II) oxidation provides an energetic benefit during mixotrophic growth of Acidovorax sp. strain 2AN using Fe(II) and acetate as an organic cosubstrate (2). Muehe et al. reported similar increased growth yields of another Acidovorax strain (18) . Although these studies did not evaluate the inducibility of NDFO, reports of involvement of c-type cytochromes in Fe(II) oxidation by anoxic, phototrophic (19, 20) , and microaerophilic (21) bacteria and a periplasmic, molybdopterin oxidoreductase in Fe(II) oxidation by a marine, neutrophilic bacterium (22) show that enzyme systems for Fe(II) oxidation at circumneutral pH exist and may be important for NDFO. In a recent review, Carlson et al. proposed a number of hypothetical Fe(II) oxidation mechanisms (23) .
Although previous studies have provided evidence that NDFO is not an entirely abiotic reaction (2, 18) , no studies have examined whether Fe(II) oxidation is catalyzed by enzymes that are inducible or are constitutively expressed during NO 3 Ϫ reduction. As a first step in attempting to understand biochemical mechanisms of NDFO, the induction experiments described here were designed to determine if previous incubation of two genera with Fe(II) resulted in altered Fe(II) oxidation ability. In addition, we wished to determine if enhanced activity was induced by Fe(II) or Fe(III).
Bacteria utilized. The Acidovorax strain used in this study was isolated from an iron oxide-bearing sediment column inoculated with sediments from Dorn Creek, WI, and NDFO patterns by this isolate have been previously reported (2) . Strain 2AN oxidized aqueous Fe 2ϩ , chelated Fe(II) [Fe(II)-EDTA], and solid-phase Fe(II) coupled to nitrate reduction mixotrophically in the presence of acetate in batch reactors, and enhanced growth concomitant with increased Fe(II) concentrations was demonstrated using a novel, continuous-flow system (2) . Dechloromonas sp. strain UWNR4 was isolated as a nitrate reducer from nitrate-reducing enrichments obtained from Wisconsin River sediments, along with three other pure cultures, and was observed to be a robust Fe(II) oxidizer under mixotrophic conditions (24) . Cultures used in experiments were recovered from frozen (Ϫ80°C) stock cultures or maintained under anoxic, NO 3 Ϫ -reducing conditions by using acetate as the growth substrate.
Utilization of Fe(II) as a nutrient or electron donor. A batch growth experiment was designed to evaluate whether the Fe(II) oxidation-enhanced growth of Acidovorax sp. strain 2AN observed in previous work (2) could be explained by the presence of Fe as a nutrient as opposed to functioning as an electron donor. In this experiment and in the induction experiments described below, chelated Fe(II) was used instead of aqueous Fe 2ϩ to avoid cell encrustation by Fe(III) oxyhydroxides and loss of metabolic activity (2, 25) . NO 2 Ϫ often accumulates in NDFO experiments and can abiotically oxidize Fe 2ϩ sorbed to cellular material or to biogenic Fe(III) oxyhydroxides that can serve as surface catalysts (26, 27, 28) . Fe(II)-EDTA was specially chosen as the form of chelated Fe(II) to utilize in these experiments in order to minimize the potential for abiotic oxidation of chelated Fe(II) by NO 3 Ϫ or biogenic NO 2 Ϫ (28). Our previous work (2) showed that ca. 6 mM NO 3 Ϫ and ca. 5 mM Fe(II)-EDTA were nonreactive in 7-day incubations. Abiotic control experiments were done that also showed no reaction between ca. 2.5 mM NO 2 Ϫ and ca. 5 mM Fe(II)-EDTA after 6 days, whereas ca. 5 mM Fe(II) chelated by nitrilotriacetic acid (NTA) was rapidly oxidized by ca. 2 mM NO 2 Ϫ (see Fig. S1 in the supplemental material). Citrate-chelated Fe could not be used since Acidovorax sp. 2AN metabolizes citrate under NO 3 Ϫ -reducing conditions (data not shown). Cells grown anaerobically on 10 mM acetate and 5 mM nitrate were anoxically washed twice by centrifugation (4°C for 20 min at 10,000 ϫ g) using a basal medium without any electron donor and acceptor. The detailed composition of the basal medium has been described elsewhere (2) . Similar numbers of cells, determined by an acridine orange direct counting method (29) , were subsequently inoculated in triplicate batch reactors containing three different anoxic media, i.e., medium A (ϳ2 mM acetate), medium B [ϳ2 mM acetate and 5 mM Fe(II)-EDTA], and medium C [ϳ2 mM acetate and 5 mM Fe(III)-EDTA]. All media contained 5 mM NO 3 Ϫ as the sole electron acceptor and were buffered to pH 7 with 10 mM PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid)]. Although the formation constant of Fe(III)-EDTA is higher than that of Fe(II)-EDTA, equilibrium Fe(II) speciation analysis of media B and C predicted that Ͼ99.8% of added Fe(II) or Fe(III) was chelated in both media (see Table S1 in the supplemental material). In addition, the free EDTA 4Ϫ concentrations were calculated to be negligible (Ͻ10 Ϫ9 mM) in both media. The reactors were incubated aphotically at 30°C and were sampled daily for growth measurement using the acridine orange method (29) .
After 5 days of incubation, the number of cells (3.9 ϫ 10 8 Ϯ 0.3 ϫ 10 8 cells/ml) in medium A was not noticeably different from the number of cells in medium C (4.1 ϫ 10 8 Ϯ 0.2 ϫ 10 8 cells/ml) ( Fig. 1) , showing that the presence of 5 mM Fe(III)-EDTA had no significant effect on growth. However, the number of cells (5.1 ϫ 10 8 Ϯ 0.2 ϫ 10 8 cells/ml) in medium B was ca. 25% higher than those in the other two media (Fig. 1 ). Our results demonstrate that the presence of Fe [as Fe(III)] as a nutrient was not sufficient to noticeably enhance the growth yield compared to when Fe(II) was present was an electron donor.
Induction experiments. A batch growth experiment was conducted with Acidovorax sp. 2AN to evaluate the rates of Fe(II) oxidation by cells grown in medium A (acetate/nitrate) versus cells grown in medium B [Fe(II)-EDTA/acetate/nitrate]. Cells were harvested from 3-day-old cultures from both media by using anoxic washing as described above, followed by resuspension in basal medium. Two inocula with approximately equal cell densities were prepared to inoculate two sets of triplicate batch reactors containing medium B [with ca. 6.1 mM Fe(II)-EDTA]. The reactors were incubated aphotically at 30°C without shaking and were sampled daily to quantify Fe(II)-EDTA oxidation using o-phenanthroline as the colorimetric reagent (6) .
After 3 days of incubation, ca. 2.5 mM Fe(II)-EDTA was oxidized by the cells pregrown on medium A [lacking Fe(II)-EDTA] with a mean oxidation rate of 0.83 mM/day (Fig. 2) . Cells pregrown on medium B, however, oxidized Fe(II)-EDTA at a higher rate (ca. 1.7 mM/day) and oxidized ca. 5.1 mM Fe(II)-EDTA after 3 days. This experiment demonstrated that preincubation with Fe(II)-EDTA resulted in a more than 2-fold increase in the mean rate of Fe(II)-EDTA oxidation by strain 2AN and led us to hypothesize that exposure to Fe(II) induces higher rates of Fe(II) oxidation. Alternately, it is possible that cells in the medium B inoculum may have been acclimated to EDTA and high-Fe concentrations, resulting in subsequent higher Fe(II) oxidation rates. We therefore conducted additional experiments in which the different inocula were both grown in the presence of EDTA and high concentrations of Fe.
Cell suspension experiments were done with both Acidovorax sp. 2AN and Dechloromonas sp. UWNR4 at high cell densities over short periods of time in the presence of chloramphenicol (CAP) to inhibit protein synthesis. Two different genera known to be capable of NDFO were utilized to ascertain whether results were specific only to Acidovorax species. Preliminary experiments were done to determine a suitable CAP concentration that would prevent protein synthesis but not interfere with respiratory electron transport. Utilizing 8 different CAP concentrations from 15 to 100 M, we found that 30, 35, and 40 M were the lowest concentrations that prevented growth, presumably by inhibition of protein synthesis (see Fig. S2a in the supplemental material) . These three concentrations were subsequently tested for their effects on the rates of oxygen utilization by both Dechloromonas sp. UWNR4 and Acidovorax sp. 2AN. Of these three concentrations, 30 M was observed to have the least effect (see Fig. S2b ), and this concentration was selected as one that would inhibit protein synthesis but allow electron transport.
Cells were grown aerobically on nutrient broth to generate sufficient biomass and harvested by centrifugation. The cells were washed twice anoxically as described above and were added in approximately equal cell densities into medium B [5 mM Fe(II)-EDTA, 2 mM acetate, and 5 mM NO 3 Ϫ ] and medium C [5 mM Fe(III)-EDTA, 10 mM acetate, and 5 mM NO 3 Ϫ ]. Medium C [with Fe(III)-EDTA] was used to balance the possible toxic effects of EDTA, to maintain equivalent total Fe concentrations in both media, and to determine if enzymatic pathways of Fe(II) oxidation were specifically induced by ferrous iron. After 48 h of incubation at 30°C to allow induction of appropriate enzyme systems, the cells were washed with anoxic basal medium and cells from each of the growth conditions were separately used at a cell density of ca. 3.5 ϫ 10 10 to 4 ϫ 10 10 cells/ml in triplicate reactors (final volume of 5 ml) containing medium B [ca. 4 mM Fe(II)-EDTA and 5 mM NO 3 Ϫ ] amended with 30 M CAP. The reactors also contained 1.2 mM ethanol since ethanol was used as a solvent to prepare the CAP stock solution. To ensure non-growth conditions, acetate was not added to cultures in these short-term, resting cell assays. Two sets of control reactors lacking CAP were used with and without ethanol to test the effects of ethanol. The reactors were sampled anoxically every 30 min, and Fe(II)-EDTA oxidation was monitored.
All control reactors lacking CAP showed almost complete Fe(II)-EDTA oxidation within 6 to 12 h of incubation ( Fig. 3c and  d) . Controls without ethanol showed that 1.2 mM ethanol did not notably affect Fe(II)-EDTA oxidation rates (see Fig. S3 in the supplemental material). For CAP-inhibited suspensions of both Acidovorax sp. 2AN and Dechloromonas sp. UWNR4, cells that were previously incubated with Fe(II)-EDTA (medium B) oxidized ca. 75% (2.5 to 3 mM) of the initial Fe(II)-EDTA after 7 h of incubation ( Fig. 3a and b) . Fe(II)-EDTA oxidation rates were somewhat lower in CAP-containing suspensions than in controls lacking CAP ( Fig. 3c and d ; see Table S2 in the supplemental material), especially for strain 2AN, but continued oxidation took place for 5 to 7 h, showing that extensive oxidation was possible in cells preincubated with Fe(II), even if enzyme synthesis was inhibited.
The CAP-containing suspensions of cells previously incubated with Fe(III)-EDTA (medium C) showed a different oxidation pattern ( Fig. 3a and b) . Fe(II)-EDTA was initially oxidized (0.5 to 0.7 mM) for 1 to 1.5 h, after which time further oxidation slowed and eventually stopped. Further incubations of the reactors for 48 h did not display any more Fe(II)-EDTA oxidation (data not shown). This suggests that, although a finite Fe(II) oxidation capacity is present in cultures not previously incubated with Fe(II), continued oxidation in such cultures requires protein synthesis. In control cultures lacking CAP that were preincubated with Fe(III)-EDTA, Fe(II) oxidation continued ( Fig. 3c and d) , suggesting that cells were able to synthesize required enzymes after 1 to 1.5 h of incubation with Fe(II)-EDTA. However, Fe(II) oxidation rates were higher in similar control cultures preincubated with Fe(II)-EDTA ( Fig. 3c and d ; see Table S2 in the supplemental material).
Since the cells previously exposed to Fe(III)-EDTA did not exhibit continued oxidation of Fe(II)-EDTA, we inferred that NDFO in these strains is an inducible process and that induction is specific to Fe(II) as opposed to iron in general. Alternative explanations, such as coregulation of metal detoxification and antibiotic resistance (30, 31) , can be argued, e.g., that previous Fe(II) exposure may have decreased CAP sensitivity. However, we observed somewhat greater average Fe(II) oxidation rates during the cell-suspension assay in controls lacking CAP (Fig. 3c and d ) for cells preincubated with Fe(II)-EDTA, showing that Fe(II) exposure does not result in antibiotic resistance. In addition, Fe(II) oxidation has been suggested as a potential detoxification mechanism in the photoheterotrophic, Fe(II)-oxidizing strain Rhodobacter capsulatus SB1003 (32) . However, upregulation of such a detoxification response seems unlikely in our studies as we have no evidence of either Fe(II)-or Fe(III)-EDTA toxicity (2). Contrarily, growth yield of strain 2AN was greater in the presence of Fe(II)-EDTA than in the presence of Fe(III)-EDTA or in the absence of either compound (Fig. 1) . In addition, the toxic effects of Fe are typically attributed to oxidative stress caused by the generation of reactive oxygen species from Fenton-type reactions mediated by iron under aerobic conditions (33), which does not hold true in our case. Stress response by a reactive nitrogen species instead of Fe(II) is also highly speculative, since it would need to be a compound not formed during organotrophic NO 3 Ϫ reduction (our inocula were grown under such conditions) or one produced at higher concentrations during Fe(II) oxidation. Differences in free EDTA concentrations, if they existed, could explain differential toxicity responses, but free EDTA concentrations were negligible in the media with either Fe(II)-or Fe(III)-EDTA (see Table S1 in the supplemental material).
Since cells preincubated with Fe(III)-EDTA (medium C) were able to initially oxidize a finite amount of Fe(II) even when protein synthesis was inhibited, we formulated a hypothetical mechanism involving constitutive expression of a putative, outer-membranebound Fe(II) oxidoreductase under anoxic conditions, regardless of the presence or absence of Fe(II), and an Fe(II)-inducible, periplasmic electron carrier that is able to transfer electrons from the oxidoreductase to cytoplasmic membrane ETC components, e.g., the quinone pool. This mechanism presumes that the oxidoreductase can oxidize a finite amount of Fe(II) before it is completely reduced. In the absence of the inducible electron carrier, this results in an initial, but finite, oxidation capacity. The concept of a finite Fe(II) oxidation and electron storage capacity is somewhat similar to the "iron lung" or capacitance model proposed for Geobacter species by Lovley and coworkers (13, 34) , who estimated a storage capacity of 1.6 ϫ 10 Ϫ17 mol electrons per cell. Interestingly, the Fe(II) oxidation capacity for cells of both genera used in our experiments is 1.5 ϫ 10 Ϫ17 to 1.7 ϫ 10 Ϫ17 mol Fe(II) per cell, based on a cell density of 3.5 ϫ 10 10 to 4.0 ϫ 10 10 cells/ml and oxidation of 0.6 mmol Fe(II) in CAP-inhibited cells prior to cessation of Fe(II) oxidation (Fig. 3a and b) .
Due to the major differences in physiologies between Geobacter species and the genera used in our studies, the almost identical electron storage capacities may be fortuitous. Nevertheless, induction of Fe(II) oxidation in two physiologically similar bacteria capable of NDFO provides additional strong evidence that Fe(II) oxidation is enzymatic, particularly in a system using EDTA-chelated Fe in which abiotic reactions are minimized. The methodologies used in this work may be of use in designing appropriate biochemical, transcriptomic, or proteomic experiments that will further elucidate metabolic pathways of NDFO and evaluate alternative explanations to our hypotheses of induction solely by Fe(II).
